Abstract-Although complete compensation is only possible using true active flters, shunt harmonic impedances (SHI) have been shown to provide a considerable reduction of the harmonic propagation. In this paper, the mitigation potential of different shunt harmonic impedances is investigated, together with their VA-rating. It is shown that a resistive impedance of 1 pu for all harmonics is very effective, especially in the case oPpower system resonances. The analysis presented considers also the inlluence of the PHI on the line current injected into the power system when background distortion is present. To take into account the interaction hetween harmonics, simulations are performed in the presence of a realistic non-linear load, instead of the common harmonic current source modelling approach.
I. INTRODUCTION
UE to the widespread use of non-linear loads, mains D voltage distortion has become an important concern for electric utilities [l] . Harmonic currents and voltages can cause many unfavourable effects on the power system itself and the connected loads. Malfunctioning of electronic equipment, capacitor failure, transformer and neutral conductor overheating, excessive heating in rotating machinery are some of these effects [2] .
Especially if there is a harmonic resonance between the power-factor correction capacitors and the transformer andlor cable inductance, there may he a significant amplification of voltage harmonics in the power system [3] .
In the last two decades, power quality improvement has become an important target for the product developer and the energy provider. To meet the existing standards, one can install passive or active filters. It was proved that active filters are very effective to compensate harmonic currents and voltages [4] . As compared to passive filters, they do not have problems as resonance generation, component tuning and network impedance dependence. However, they are still very expensive. Therefore, active filters are only installed near large industrial plants.
It was suggested by Akagi [ 5 ] that shunt active filters, behaving as linear resistive impedances for harmonics, could be 0-7803-7967-5/03/$17.00 02003 IEEE spread throughout the power system to reduce the propagation of harmonic pollution. Although complete compensation is only possible using true active filters, shunt harmonic resistances have been shown to provide a considerable reduction of the harmonic propagation. The advantage of this approach is the simplicity of the compensator devices because there is no need for the measurement of the polluting currents [6]. There is also an improved stability margin as compared to active filters compensating for measured current pollution.
This resistive impedance function can be realised as a secondary control function of power electronic energy supplies [7] . Because the simplicity of this control strategy, many power electronic loads can be equipped with it and can be spread throughout the distribution system. In this way, every optimised load has a contribution to the reduction of the hannonic pollution which is very important in the case of resonance conditions. In this paper, it will he investigated whether it is sufficient to realise the resistive behaviour for a limited number of harmonics (e.g. strongest harmonic voltage component or only hannonics around the power system resonance frequency), and what would be the required resistance value and corresponding current rating of the shunt harmonic impedance (SHI). Also the influence of the background distortion on the required load behaviour of the SHI is considered.
The calculations are performed in the presence of a realistic non-linear load (a single-phase peak rectifier), instead of the more common harmonic current source modelling approach. This is required to obtain reasonable accuracy, as it is well known that the behaviour of such non-linear devices is quite sensitive to changes in the mains voltage waveform and that there is an important interaction between harmonics [8], [9], [lo] .
SHUNT HARMONIC IMPEDANCES

A. System Description
In Fig. 1 the equivalent circuit of a simple electric power system is shown. The mains voltage source is represented by its no-load voltage E,(h) and its internal mains impedance Z,(h) . The mains impedance is usually dominated by the short-circuit impedance of the distribution transformer and the impedance of the connecting busbars and cables and is therefore resistive-inductive. The polluting load is a capacitively smoothed rectifier. The rectifier filter impedance 2 ,~ may , and R, is adjusted to obtain an active power load of P = *.
The value for X o c is typical for an ICT load.
A shunt harmonic impedance z,(h) is connected in parallel The results are summarised in Table 11 . The RMS current drawn by a m e resistive impedance of 1 pu ( Table I ) is taken as the reference value to compare the rating of different shunt WLLll LllE yu""LL"p IULI".
impedances. The PCC voltage THD when no imDedance is
B. Resistive S h u t Harmonic Impedances
To assess the mitigation potential of the shunt harmonic impedance, the electric power system of Fig. 1 is simulated, using a true resistive impedance Z,(h) = R, for all harmonics. except the fundamental (Z,(l) = w). The results are summarised in Table 1 . The THD of the voltage V. at the Point of Common Coupling (PCC) for different values of Z.(h) is compared with the situation without a shunt harmonic impedance (i.e. Z,(h) = 00). The RMS value of the current through the shunt impedance I, is also mentioned because it determines the VA-rating, thus the cost of the shun1 impedance. Table I . The THD value of 7.10 % for a 1 pu resistive harmonic impedance (Table I ), can he reached by a third harmonic impedance with a slightly lower current value of 86%. See Table I1 for the influence of the 5th and 9th harmonic impedance. Concluding, influencing only one harmonic is not (or not much) better than placing a true resistive harmonic impedance.
D. 1 pu Resistive Impedances ' d h, except one
Again, the system of Fig. 1 is simulated and the voltage THD at the F' CC and the RMS current drawn by Z,(h) are calculated for different shunt harmonic impedances Z,(h) . Now, Z,(h) exists of an impedance drawing current of order h. in parallel with an I pu resistive impedance for all other harmonics # h,, of course Z,(1) = cc remains (Fig. 2) .
The results are summarised in Table 111 , with the same reference values as in section II-C.
The minimum PCC voltage THD value is 5.4% for a varying third harmonic impedance (1 pu resistive, for all other harmonics), with an RMS current of 508%. The value of 2 , ( 3 ) is 0.03 +0.001 i. The same THD value can be achieved with From Table I , it can he concluded that the required harmonic impedance magnitude for a noticeable THD reduction is in the order of 1 pu or lower. It has to be mentioned that the application of very low harmonic impedance values may not a m e resistive impedance of 0.2 pu, drawing a lower RMS current of 376%. The THD value of 7.10 % for a 1 pu resistive harmonic impedance (Table I) can be reached with a slightly lower current value of 85%. Again, it can he concluded that a me resistive harmonic impedance for all harmonics is a good option if the RMS current of the shunt impedance is taken into account.
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LIMITING THE INFLUENCE O F BACKGROUND DISTORTION [7]
A. Limiting the harmonic line current
The influence of the background distortion and the resulting necessity to limit the minimum impedance of the SHI is explained. For this purpose, it is assumed that the polluting loads can be modelled as simple current sources. The remaining power system is supposed to be linear and is represented in a very simplified form as in Fig. 3 . The Thkvenin equivalent of the power system voltage for the harmonic of order h is represented by the voltage source Em(h) and internal impedance Z,(h). The impedance Z,(h) represents the harmonic impedance of the linear loads connected at the Point of Common Coupling (PCC). The current source I,(h) represents the polluting loads connected to the PCC, and Z,(h) is the pursued shunt harmonic impedance.
Suppose the power system voltage is polluted with back- Fig. 3 ). When Z,(h) is not connected and no polluting loads are present, the harmonic line current II,,,o(h)l due to background distortion becomes:
On order for Z,(h) to limit the harmonic line current, the following condition should be satisfied 
P S i
Also, it can hardly be argued that the responsibility to limit the harmonic line currents due to hackground distortion relies solely on the pursued favourable load, i.e. that Z,(h) should compensate for Z,(h) causing excessive harmonic line currents Ilmo(h)l > Im,maz(h) (1). Concluding, condition (2) seems inappropriate for the purpose.
B. Imposing a minimum load impedance
A more practical criterion to limit the influence of background distortion would be to limit the impedance in the denominator of (2), without considering the presence of the other linear loads (i.e. Z,(h) = 03):
In this way, the favourable values for Zs(h) to satisfy (3) become independent of the power system pollution E,(h).
Moreover, the responsibility of limiting the harmonic line currents due to background distortion is not solely relying on the pursued favourable load, except when no other linear loads Z,(h) are present. In practice, well-chosen values for Z,i , would be in the order of magnitude of 0.5 -1 pu, leading to per-unit harmonic current levels limited to maximum two times the order of magnitude of the per-unit harmonic voltage levels:
It is easily verified that the locus of the favourable values for Z,(h) (3) lies outside the circle with origin cr and radius 71: C. Example: limiting the harmonic line current due to back-
ground distonion
As an example, consider the following power system impedance:
Z,(h) = 0.042 + j 0.042h pu
(7)
In Fig. 4 the favourable values of Z,(ll) are shown, for different values of Z, , , (and Z,,(h) 
D. Resistive shunt harmonic impedances and background distortion
In particular, we can determine the minimum impedance of a resistive SHI to limit the harmonic line currents due to backgound distortion. The results are summarized in Table IV for different values of Zmi, and Z,(h). We suppose that the power system impedance is purely inductive Z,(h) = j.h.lZm(l)l, which is a g o d approximation for harmonics.
To limit the per-unit harmonic current levels to maximum two times the per-unit harmonic voltage levels (i.e. Zmi, = 0.5 pu), it follows from Table IV that the required minimum resistive impedance Z,(h) = R, for lower order harmonics is 0.49 pu for small transformers (typical used in LV distribution power systems) and 0.40 pu for greater transformers, which are normally used in MV distribution power systems. For higher order harmonics, the minimum impedance may be lower because the transformer impedance Z , becomes dominant. If the harmonic current levels have to be limited to the order of magnitude of the harmonic voltage (e.g. when the voltage distortion is high), the required minimum impedance increases to about 1 pu.
IV. SHUNT HARMONIC IMPEDANCES AND RESONANCE
A. System Description
The system of Fig. 1 is extended with a capacitor X C (Fig. 5) . This capacitor, e.g. used for power factor correction, is tuned to obtain resonance at the 1 Ith harmonic. The capacitor generates 0.195 pu of reactive power and its resistive loss is modelled as a parallel resistance Rc drawing 0.0195 pu of active power.
The other parameters are as above: 12,(1)1 = 0.06pu, Xoc(1) = 0 . 1 2~~. and Ri is adjusted to obtain an active power load of P = q . 
B. Resistive Shunt Harmonic Impedances
As in 11-B, the mitigation potential of true resistive impedance Z,(h) = R, is investigated ( Table V) . It follows that resistive shunt impedances are attractive to damp the resonance, certainly for values between 0.5 pu and 1 pu as the resulting THD" value i s reduced to about the value of the system without resonance and Z,(h) = 00 ( Table I) .
Lower values of R, are not encouraged to prohibit excessive harmonic line currents when the mains voltage is polluted (Section III). The effect of a 1 pu harmonic resistance on the voltage harmonic spectrum i s illustrated in Fig. 6 . At resonance conditions, the magnitude lZtOt(h)l of the power system impedance at the PCC becomes much higher than the magnitude IZm(h)l of the no-load power system impedance. For this example, resonance occurs for h = 11, and lZtot(ll)l = 4.66 pu, which is 7 times higher than the value for IZm(ll)i (=0.66 pu). lZ,(h)l = hlZ,(l)( can he considered as the 'natural' magnitude of the power system impedance [lll. Consequently, the rectifier harmonic currents near the resonance frequency cause considerable voltage distortion (solid line in Fig. 6) . The harmonic power system impedance at the PCC is limited by connection of the shunt harmonic resistance, certainly for frequencies around the resonance. This explains why mainly the harmonic voltage components around the resonance are reduced (dashed line in Fig. 6 ). 
C. A Single Harmonic Impedance
To damp the harmonic propagation, the use of a single harmonic impedance i s investigated, i.e. an impedance drawing current of only one harmonic order. As compared with a resistive harmonic impedance for all harmonics, it can he concluded from Table VI that the PCC-voltage THD is not extremely reduced by influencing a single hannonic component. Some additional considerations:
. In the case of a resonance, creating a short-circuit for the strongest or one of the strongest harmonic components is not (always) a good solution. Figure 7 shows that, in this specific case, the PCC voltage THD slightly deteriorates when the 5th harmonic component is short circuited (Re (Z,(S) 
is that other harmonic voltage components are amplified through the commutation behaviour of the rectifier and through the remaining resonance(s). This is illustrated in Fig. 8 , where the 5th harmonic component is 0 hut other components are amplified. = Z,(5) are rather resistivecapacitive (Fig. 7) . The minimum THD value which can
Favourable values of Z,(h)
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be achieved with a 5th harmonic shunt impedance is 9.49% with Z,(5) = 0.11 -0.1% pu and an RMS rating of 296 %. The harmonic decomposition of the PCC voltage for minimum THD with Z, (5) is shown in Fig. 9 . It is remarkable that the 5th harmonic component slightly rises, but that the resonance is damped. To obtain the same THD value with a true resistive impedance for all harmonics. only a 3 pu resistance is needed. This resistance draws 7.5 times less RMS current than the 5th harmonic impedance (see Table V ). . An other solution could be to detect the resonance and installing a harmonic impedance, only drawing current for the resonance frequency. Unfortunately, this seems not a good solution (Table VI, Z,(ll) ) because other harmonic components close to the resonance remain high after installing the SHI. Therefore, the resonance is not well damped and the THD is not reduced much. This is shown in Fig. 10 of 0.0336 A, which is 50% of the RMS current of a 1 pu resistive harmonic impedance for all harmonics. However, the THD value of 8.14 % (Table V) for a 1 pu resistive harmonic impedance can not he reached with a resistance for only 3 harmonic voltage components ( h = hRss and h = h~~s i 2 ) . Fig. 11 shows the PCC voltage spectrum for a shunt impedance Zs9,1~,13 = R = 0.1 pu, together with the spectrum when Z,(h) = w. The favourable effect of the shunt impedance on the 9th, 1 ith en 13th voltage component is striking. However, some other h amonic components rise considerably (e.g. 4 times for the 15th harmonic). This is explained by the commutation behaviour of the rectifier. This effect, together with the fact that the highest harmonic components (3th and 5th) are still high, explains that the THD values are not 
D. 1 pu Resistive Impedances
It is clear from sections IV-B and Iv-C that the shunt impedance must act upon all harmonic voltage components to damp harmonic propagation effectively. Now, we investigate the effect of an impedance Z,(h) which exists of an impedance drawing current of order h in parallel with an 1 pu resistive impedance for all other harmonics # h, except for the fundamental component (Fig. 2) . The results are mentioned in Table VIII . Only with a small Z,(3) one can obtain a remarkable improvement of the voltage THD (6.65 %) as compared to an 1 pu resistance for all harmonics. However, the required RMS current is high (443%) and the required impedance for the 3th harmonic is extremely low (0.03 pu), which is dangerous for a mains voltage polluted with an even
V. CONCLUSIONS
Shunt harmonic impedances can reduce the line current and mains voltage THD caused by polluting loads. In this paper, it is shown that SHI are most useful in the case of resonances.
To take into account the interaction between harmonics, simulations are performed in the presence of a realistic non-linear load, instead of the more common harmonic current source modelling approach.
To damp the harmonic propagation, it is shown that the preferred SHI is resistive for all harmonics, with a magnitude of about 0.5 -1 pu (referred to the apparent power of the distribution transformer). Lower values are not encouraged to prohibit excessive harmonic line currents, especially when the mains voltage is polluted with low order harmonic voltages.
It has been shown that it is not sufficient to realise an impedance for a limited number of harmonics. For instance, tackling the strongest harmonic voltage component, or influencing only the harmonics around the power system resonance frequency, are not as effective because other harmonic components may be amplified. In addition, resistive SHI are easily implemented as a secondary control function of power electronic energy supplies because there is no measurement needed of the polluting current. Through the simplicity of the compensator devices, they can be spread throughout the power system (e.g. distributed generation) and deliver a major contribution to the damping of the harmonic propagation. As a result, fewer conventional passive or active filters will be required in order to satisfy the statutory harmonic limits.
